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Introduction 27
Partial nitritation-Anammox processes are currently under development for the treatment of 28 pretreated sewage ( Wett, reported that besides a system operating under oxygen limiting conditions and a higher 52 oxygen affinity for AOB than NOB, a residual ammonium concentration should be 53 maintained in order to keep the growth rate of AOB higher than that of NOB, see Eq. 1. 54
Control of the bulk ammonium concentration influences the ammonium oxidation rate. If Eq. 55 1 is used to describe the AOB growth rate, then the residual ammonium concentration affects 56 the ammonium saturation term (or Monod term) and therefore controls the growth rate of 57 AOB. Pérez et al. (2014) reported a modelling study in which this concept is used for control 58 of NOB repression. However, until now the influence of the residual ammonium 59
concentration on NOB repression was tested mainly in the long term, to obtain stable partial 60 
In this study, a better understanding of the role of the residual ammonium concentration has 63 been pursued. Therefore, instead of aiming to demonstrate the long-term stability of the NOB 64 repression (as done recently at low temperatures in Isanta et al., 2015 and Reino et al., 2016) , 65 assessment of the short term effects of the residual ammonium concentration was specifically 66 targeted. Several techniques were used during the research. Batch test experiments, 67 measurements of the hydroxylamine concentration (an intermediate in nitritation), off-gas 68 measurements to monitor NO and N 2 O emissions, pH profiles in the granule and FISH on 69 granules slices obtained through cryosectioning were used to investigate the effect of the 70 residual ammonium concentration. Here, we present findings showing the mechanisms that 71
Calculation of specific ammonium oxidation and nitrate production rates 119
To calculate specific rates, the biomass concentration was linearly interpolated and the 120 accumulation term was also taken into account, to have a better estimation during transient 121 states. For the accumulation term, the first derivative of the (ammonium or nitrate) 122 concentration in time was approached by the incremental ratio: � ≅ ∆ ∆ � . 123
Diameter distribution 124
The diameter distribution of the granules was measured with the aid of image analysis 125 following the method described in Tijhuis and van Loosdrecht (1994) . Surface-based average 126 diameter of the granules was obtained and number of granules and size distribution 127 histograms are detailed in the supplementary information for each one of the measurements. 128
Batch tests 129
The batch tests were performed in the same (airlift) reactor used for the continuous operation. 130
Continuous operation was stopped and an ammonium pulse was added. During the batch test 131 the DO and pH were not controlled. For the Anammox batch test the reactor was switched 132 from sparging air to supplying nitrogen gas to obtain anaerobic conditions. When the DO was 133 0%, the medium flowrate was stopped and samples were withdrawn from the top section of 134 the reactor. 135 136
Analytical procedures 137
Ammonium, nitrite and nitrate concentrations were measured offline with Hach Lange cuvette 138 kits. Dry weight (TSS), ash content and volatile suspended solids (VSS, dry weight minus ash 139 content) were determined according to standard methods (APHA, 2012). Hydroxylamine 140 concentrations were measured using a colorimetric method (Frear and Burrell, 1955) ,following an ad hoc procedure for sample preparation described in Soler-Jofra et al. (2016) . 142 N 2 O and NO off-gas concentrations were periodically measured online with a Servomex 4900 143 infrared gas analyser. 144 145
Fluorescence In Situ Hybridization (FISH) 146
For analysis of the microbial population, the granules were pottered, washed, fixed and loaded 147 onto with gelatine pre-coated Teflon slides according to the procedure described in (Third et 148 al., 2001 ). For cryosectioning of the granules, the granules were washed (3h) in 1x PBS 149 before being fixed (1h). Teflon slides were coated with 0.01% poly-L lysine solution. 150
Granules were put in freeze-medium and cut with a freeze-microtone (Leica CM 1990) at -151 25°C. The obtained slices (10-15 µm thick) were placed on the pre-coated slides and washed 152 with 50% ethanol solution for 5 minutes, to remove the freeze-medium and regain 153 hydrophobicity. Probe hybridization to both pottered samples and cryosectioned slices was 154 again performed as described in (Third et al., 2001 ). Oligonucleotide probes used are listed in 155 Table S1 . Image analysis was done with a Zeiss Axioplan 2 Imaging microscope, together 156 with an AxioCam MRm camera (Zeiss), an ebq100 lamp for fluorescent light and the 157 Axiovision software. 158 159
pH profile in the granular sludge 160
To determine the pH profile, a granule was fixed in the middle of a flow chamber with a small 161 steel clip (see also the supplementary information, section S1.3). Medium was sparged with 162 air and pumped from the bottom to the top. For the measurements of the pH difference 163 between bulk liquid and granule inside, the pH microelectrode was placed closely above the 164 granule. The pH of the bulk liquid was measured, followed by 1 step of 1000 µm, to measure 165 the pH inside the granule. The complete experiment was performed at ammonium 166 concentrations of 49 and 11 mg N/L (a different granule was used for each ammonium 167 concentration). 168 169
Results 170

Reactor operation 171
During the entire operation period (223 days) the wastewater inflow rate was used as 172 manipulated variable to control the residual ammonium concentration (Fig. 1A) . However, 173 also the inflow ammonium concentration was lowered from 50 to 40 mg N-NH 4 + /L during 174 phase II (Fig. 1D ). The entire performance was divided into 5 phases (Fig. 1) , and achieved 175 pseudo-steady states are summarized in Table 1 . 176
Phase I 177
The start-up period (days 0-11 in phase I, phase I: day 0-67) was used for adaptation of the 178 biomass and partial nitritation-Anammox was targeted. Nevertheless, the Anammox activity 179 decreased very fast and eventually was totally lost (see details in section 3.4). As a 180 consequence, nitrite built up in the effluent and the reactor was mainly performing nitritation. 181
From day 50 onwards, the single targeted process was nitritation. The airflow rate was 182 increased step wise to reach a higher DO concentration in the range of 0.7-0.8 mg O 2 /L ( 
During the last part of phase II the values of the DO/ammonium concentrations ratio exceeded 205 3.0 g O 2 /g N, meaning the switch from oxygen limitation to ammonium limitation (Fig. 1B) . repression is not possible, and therefore most ammonium is converted to nitrate. 211
Phase III 213
In the beginning of phase III (phase III: day 140-168) the bulk ammonium concentration was 214 increased to ca. 12 mg N/L. The system switched from ammonium limitation to oxygen 215 limitation (see Fig. 1 ). During phase III intentional disturbances in the residual ammonium 216 concentration were targeted (see section 3.2 for further explanations about short term effects). 217
Therefore no steady state was achieved. Nitrate built up at higher concentrations when 218 residual ammonium concentration was slightly decreased, indicating a direct and fast effect 219 between high residual ammonium and NOB repression. The fast transitions (within 24 hours) 220 cannot be explained by a community shift. 221
At day 141, due to increasing biomass activity, the inflow rate needed to maintain a certain 222 ammonium effluent concentration had increased to levels that gave practical problems. 223
Therefore, roughly half of the biomass was removed from the reactor to be able to operate at 224 lower inflow rates again (Fig. 1A) . After day 151 the airflow rate was increased from 4.2 to 225 6.6 L/h. The DO concentration was increased to enhance the activity of AOB to better 226 develop the AOB layer on the granule surface and completely outcompete NOB from the 227 granule surface. At day 168 the inflow rate was lowered again to ca. 10 L/d to decrease the 228 residual ammonium concentration. 229
230
Phase IV 231
During phase IV (day 169-186) an average bulk ammonium concentration of ca. 2 mg N/L 232 was reached ( Also during phase IV, the specific biomass activity had increased by more than the double 238 compared to the specific biomass activity before the removal (Table 1) . 239
At day 173 it was noted that the effluent tube, from which samples were withdrawn, 240 contained biofilm which contributed to the measured concentrations of ammonium, nitrite and 241 
Short-term effects of the residual ammonium concentration 262
Especially during phases II and III of the continuous operation, the residual ammonium 263 concentration influenced the nitrate build-up (Fig. 1E) . With increasing and decreasing 264 ammonium concentrations, a fast (inverse) response was measured for nitrate concentrations. 265
The corresponding change in the nitrate concentration resulted from the change in the 266 ammonium oxidation rate of AOB (Table S2 ). Higher specific ammonium oxidation rates 267 were observed when residual ammonium concentration was increased, which contributed to a 268 lower DO concentration (Table S2 ). In parallel with the short term increase on the specific 269 ammonium oxidation rate, a decrease in specific nitrate production rate was measured ( Table  270 S2). The change in the bulk ammonium concentrations impacts the nitrate concentration 271 immediately, in a period of hours. This fast response is a clear indication that the residual 272 ammonium concentration can be used as controlled variable for nitritation as pointed out 273 previously (Jemaat et al., 2013) . 274
Additionally, to present in a more direct way the short term effects of residual ammonium 275 concentration on NOB repression, all data from day 50 onwards has been plotted in Fig. 2A . 276
There is a clear trend in Fig. 2A , showing how NOB repression is achieved at ammonium 277 concentrations higher than ca. 5 mg N/L, regardless to the DO concentration applied, which 278 overall was in a wide range, from 0.7-3.7 mg O 2 /L. When the time between measurements 279 was less than 1 day, the corresponding data were highlighted in Fig. 2 . For those points the 280 sample was withdrawn 2.5 hours after the previous measurement, which is in the order of 281 magnitude of the hydraulic retention time, therefore too short to washout the nitrate 282 accumulated at low residual ammonium even if NOB repression is effective. 283
For comparison, a similar graph was plotted by including the bulk DO/ammonium 284 concentrations ratio in the bulk liquid in Fig. 2B . In the inset graph in Fig. 2B a zoomed in 285 version of the graph is also given. The correlation between the bulk DO/ammonium 286 concentrations ratio and NOB repression is less evident (compared to Fig. 2A ), mainly due to 287 the scale and the effect of the ratio itself, which produces small values at high bulk 288 ammonium concentrations. For values of the ratio lower than 1, NOB repression is more 289 effective (Fig. 2B, inset graph) . 290 291
Batch test 292
A batch-test was performed at day 159 (Fig. 3) to further investigate the residual ammonium 293 concentrations range causing the switch from effective NOB repression to nitrate production. 294
An ammonium pulse was added after the inflow rate was stopped (time zero in Fig. 3 ). For 295 bulk ammonium concentrations in the range 2-4 mg N/L the nitrate concentration increased at 296 a higher rate (in accordance with the continuous operation results in Fig. 3 ), indicating the 297 ammonium concentration causing the switch between effective NOB repression and 298 nitrification was occurring. 299
The oxygen consumption rate increased ca. 8% immediately after the ammonium pulse. 300
Interestingly, when at t= 45min the bulk ammonium concentration is back to the initial 10 mg 301 N/L, the DO concentration is still well below the initial value, as indicated in Fig. 3 
by ∆DO. 302
This increased oxygen consumption rate at the same bulk ammonium concentration (10 mg 303 N/L) happens despite the pH (which is not controlled) decreased by ca. 0.2. 304
305
Step-up increase in residual ammonium concentration 306
The step-up disturbance in the bulk ammonium concentration at day 187 produced a decrease 307 in the DO concentration due to the increase in specific ammonium oxidation rate (Fig. 4A) . 308
As a result, the nitrate concentration rapidly decreased (Fig. 4A) . The stabilization of theammonium oxidation rate occurred several days after the step-up disturbance, with higher 310 rates measured immediately after the disturbance (Fig, 4A ). Interesting to emphasize that the 311 DO concentration decreased only during the transient state (3 days). Hydroxylamine at steady 312 state conditions was not detected throughout the operation period. However, the increase in 313 residual ammonium concentration after the step-up disturbance, resulted in hydroxylamine 314 released into the bulk liquid, achieving a maximum value of 0.056 mg N-NH 2 OH/L after 7 315 hours (Fig. 4C) . However the monitoring of the hydroxylamine was not continued until the 316 next morning, when hydroxylamine was not detected anymore. In addition, an increase in 317 N 2 O emission was also measured in the off-gas (Fig. 4B) . No significant nitric oxide (NO) 318 emission was observed. During the stabilisation of the residual ammonium concentration the 319 N 2 O emissions decreased again. 320 321
Biomass characteristics and sludge retention time 322
The biomass concentration in the reactor was plotted in Fig. 1A . The average diameter of the 323 granules was 0.9, 1.4 and 1.3 mm, at days 0, 47 and 123 respectively (Table S2) 
Fluorescence In Situ Hybridization (FISH) 335
Cryosectioned samples of the granular sludge were used for FISH analysis. Granules from 336 day 148 and 223 were obtained from periods at high residual ammonium concentration, 337 whereas those at day 187 were from a period at low residual ammonium concentration (see 338 Fig. 1E ). The granule structure from the three samples was highly similar (Fig. 5) , presenting 339 a clear stratification: a shell consisting of AOB colonies and behind it, the majority of the 340 NOB colonies. The size of AOB and NOB microcolonies was difficult to measure on the 341 pictures, because individual colonies were difficult to distinguish in both layers, but in 342 particular in the AOB shell. Comparing the granule structure obtained in this study (Fig. 5) to 343 the original inoculum (Fig. S8) , the degree of stratification was enhanced during the operation 344 of the reactor. 345
Regarding the predominant NOB species in the granular sludge, at day 148 only Nitrospira 346 spp. were detected (Fig. S9 ) (but not Nitrobacter spp.). However, at day 223 both Nitrospira 347 spp. and Nitrobacter spp. were detected (Fig. S10) . Nitrobacter spp. were found in lower 348 amounts than Nitrospira spp., indicating the development of this population during the reactor 349
operation. 350
Although the quantification of the relative abundances of AOB and NOB in the granular 351 sludge was not specifically targeted, a healthy NOB population was retained in the granular 352 sludge during the whole period of operation, since a very fast and significant nitrate 353 production was noticeable as soon as the imposed conditions did not efficiently repress NOB. 354
The gradient of pH in the granule was assessed by measuring the pH difference between the 357 core of the granule and the bulk liquid, for a pH range of 7.0-8.4 (a complete pH profile in a 358 granule is also presented as an example, see Fig. S11 ). Granules were withdrawn from the 359 reactor during phase V. The ammonium consumption in the measuring chamber was 360 negligible. For the entire investigated range of bulk pH, a lower pH was measured inside the 361 granule (Fig. 6) . The pH curves in Fig. 6 show that at a pH in the bulk of 7.7, which is the pH 362 inside the reactor during continuous operation, the pH difference between the bulk liquid and 363 inside the granule was 0.44 for both ammonium concentrations tested (11 and 49 mg N/L). 364
A rough estimation of the AOB apparent half-saturation coefficient for ammonium ( , 4+ ) 365 was obtained by using a ratio of average specific ammonium oxidation rates (Eq. 3). These 
Anammox 374
Within a couple of weeks after inoculation, Anammox activity in the reactor was lost. Until 375 day 12 during the start-up of the reactor, Anammox activity increased as can be seen from the 376 nitrogen balance (Fig. 1D) . From day 12 onwards, the activity decreased. 377
At day 48 an anoxic batch-test was performed (see results in Fig. S12 ). During the test no 378 clear signs of Anammox activity were detected. The decrease in ammonium, nitrite and 379 nitrate concentrations are possibly linked to salt precipitation (for instance struvite). 380
Ammonia stripping could also have contributed to decrease the ammonium concentration in 381 time. FISH results from day 167 of the operation also showed a significant amount of dead 382 cell material (no hybridization with EUB338), whereas FISH results from the last day of 383 operation confirmed the decay of Anammox (no hybridization with AMX820) (Fig. S13) . 384 385
Discussion 386
Nitritation and NOB repression 387
The control of the residual ammonium concentration confirmed its effectiveness on NOB 388 repression at 20°C and pH 7.6-7.8. Stable nitritation was maintained above bulk ammonium 389 concentrations of ca. 5 mg N/L and nitrate production was enhanced at a residual ammonium 390 concentration of ca. 2 mg N/L (Fig. 2A) . 391
In the conditions tested, rather than the DO/ammonium concentrations ratio (Fig. 2B) , the 392 ammonium concentration was the main factor regulating NOB repression (Fig. 2A) . The 393 DO/ammonium concentrations ratio required for efficient NOB repression was ca. 1 mg 394 O 2 /mg N or lower (Fig. 2B) . Bartrolí et al., 2010 operating at 30ºC found that the required 395 value of the ratio was ca. 0.18 mg O 2 /mg N or lower. Reasons for this difference remain until 396 now unclear. We hypothesize that the difference in behavior comes from the difference in 397 granule structure. In our study, the inoculum was a granular sludge containing anammox in 398 the granule core (Fig. 5) . However, in Bartrolí et al. (2010) , or in similar trials using the 399 DO/ammonium concentration ratio as main criterion, the granular sludge did not contain 400 anammox.
The production of nitrate in the biofilm grown on the effluent tube inner wall is probably due 402 to the diffusion of oxygen through the tube wall (that type of silicone tube is permeable to 403 oxygen). The counter-diffusion of oxygen makes oxygen available to NOB and stratification 404 is useless to keep nitritation stable. both mathematical models used (one and two dimensional biofilm models) failed to describe 419 the stratification (Matsumoto et al., 2010) . In this study, we found stratification of AOB and 420 NOB for the first time when treating low strength wastewater and operating at 20ºC. There 421 are two aspects associated to the stratified structure: (i) the position of the AOB 422 microcolonies is better for oxygen competition because they are much closer to the granule 423 surface, enhancing NOB repression; (ii) the outer dense AOB shell acts as a protective layer 424 for NOB microcolonies against detachment, delaying washout of NOB from the granular 425 sludge.
In such stratified granule, the oxygen penetration depth could therefore play a clear role in 427 NOB repression. When AOB preferentially occupy the external shell of the granule, the 428 competition for oxygen between AOB and NOB is deeply impacted, as demonstrated through 429 a 3-dimensional modelling study in which the effect of the presence of cell clusters was 430 specifically targeted (Picioreanu et al., submitted) . 431
Secondly, the NOB colonies occupying inner layers are protected against detachment. Their 432 residence time in the reactor is expected to be longer than that of AOB. Moreover, a larger 433 cluster size (compared to that of AOB microcolonies) could be achieved in time. In general, 434 larger NOB colonies behind the AOB layer would be easier to repress due to smaller surface 435 to volume ratios. However, due to the intensity of the signal, it is not possible to estimate a 436 representative average size for AOB and NOB cell clusters, and therefore this hypothesis 437 could not be proven at this stage. 438
In this type of granular sludge, NOB is known to persist for long periods of time (several 439 months), despite nitrate production was measured to be at very low levels (Bartrolí et al., Some NOB colonies were located closer to the granule surface, surrounded by AOB colonies 450 (Fig. 5) . These NOB colonies were assumed to be the reason for the residual nitrate 451 concentration in the reactor. 452
Previous studies reported the presence of Nitrobacter spp. as the dominant NOB species when 453 controlling the residual ammonium to repress NOB and hypothesized that a prerequisite to 454 obtain stable partial nitritation could be to select Nitrobacter spp. instead of Nitrospira spp. 455 
Linking the effects of the DO/ammonium concentrations ratio to stratification 463
Higher residual ammonium concentrations result in higher ammonium oxidation rates (Table  464 1, Fig. 4A , Table S2 system the residual ammonium concentration has to be high, due to design requirements, 492 since only 50% of the ammonium has to be oxidised to nitrite in order to supply Anammox 493 with the right distribution in N substrates. However, this strategy would not be suited for 494 single stage autotrophic nitrogen removal, as high residual ammonium concentrations in this 495 system are not desired, since the aim is the removal of nitrogen from the wastewater. Plug-496 flow hydrodynamics or SBR operation could be used instead in one-stage nitrogen removal 497 systems, to enhance the use of high residual ammonium concentrations as previouslyhighlighted in the literature (Pérez et al., 2014) . For full scale applications, diurnal variability 499 of the wastewater, seasonality and rainy events might be also hampering the control of the 500 residual ammonium concentration in the partial nitritation reactor . The use 501 of reject water might assist to overcome (some of) these issues, as already assessed by 502 mathematical modelling . 503 504
pH gradient in the granule 505
Because ammonia is reported to be the true substrate for AOB (Suzuki et al., 1974) , the lower 506 pH inside the granule leads to a lower ammonia concentration in the inner parts due to the 507 ammonium-ammonia acid-base equilibrium. The pH difference between bulk liquid and 508 granule core (∆pH = 0.44 see the bulk ammonium concentration results in higher ammonium oxidation rates, the pH 512 towards the centre of the granule would decrease even further due to the increase in proton 513 production by AOB. Therefore, higher residual ammonium concentrations lead to an even 514 higher K S,NH4+ value towards the centre of the granule due to the larger decrease in pH in 515 these regions, making these inner located cells even less saturated in ammonia. This creates 516 the possibility of further increases in the residual ammonium concentration to obtain higher 517 ammonium oxidation rates, resulting in both enhancement of the stratification and in NOB 518
repression. The limitation of the enhancement of the rate is that at pH too distant from the 519 optimal pH range of AOB, the maximum specific ammonium oxidation rate would 520 significantly decrease. 521 expressed in units of nitrogen ammonium) changes with pH. The lower pH leads to a higher 523 K S,NH4+ value inside the granule. With use of the measured pH gradient, the pH effect on the 524 ammonium half-saturation coefficient for AOB (K S,NH4+ (pH)) was assessed (see Eqs. S1-S2 in 525 the supplementary information, section S2.8) ( Table 2) . 526
The apparent ammonium half-saturation coefficient would increase by a factor of 2.7 times 527 with a decrease in pH of 0.44 ( Table 2 ), indicating that AOB cells exposed to a lower pH 528 (those located further away from the granule surface) could be less saturated in ammonium 529 than those at the granule surface. Therefore, these cells would have an advantage when the 530 bulk ammonium concentration is increased (see the corresponding change in the ammonium 531
Monod term in Table 2) . 532
However, the pH also affects the maximum specific growth rate of AOB (µ ). To assess 533 the overall impact of pH on the ammonium oxidation rate, the influence on both µ and 534 K S,NH4+ was taken into account as shown in Table 2 . Values were used to assess qualitatively 535 how the pH gradient could explain the increase in oxygen consumption detected in the batch 536 test presented in Fig. 3 . Comparing only the ammonium Monod term at the pH of the granule 537 core for ammonium concentrations of 10 and 20 mg N/L, there is a clear advantage (16% 538 increase). Nevertheless, the µ value is also smaller at the lower pH (with a decrease of ca. 539 -15%, between pH of the bulk and pH of the granule core, see Table 2 ), which would decrease 540 the overall contribution to the observed ammonium oxidation rate. Also for the batch test 541 conditions, the bulk DO decreased from 3.1 to 2.6 mg O 2 /L, which should also penalize the 542 ammonium oxidation rate through the oxygen Monod term (see Eq. 1), even more for cells in 543 the inner layers, at a lower pH. Additionally, the pH decreased just after the pulse. 544
Interestingly, despite the negative effects (decrease in DO and pH), the oxygen consumption 545 rate increased. 546
When the microsensor is used into the granule for measuring the pH, it is unlikely that the 547 microcolonies (i.e. the dense cell clusters in which AOB and NOB grow in the biofilm) are 548 perforated, due to the strong adhesion properties of the EPS in the microcolony (Larsen et al.,  549 2008). The microsensor tip probably would push away those colonies. The pH profile inside 550 the microcolony is therefore expected to be even steeper than that measured in the biofilm 551 matrix, because of the high density in the cell cluster (ca. 600 gCOD/L, Coskuner et al., 552 2005). Therefore, although the pH gradients are here discussed as being one dimensional 553 along the biofilm depth, they would also develop inside the colonies. This applies not only for 554 pH, but also for oxygen and substrate. 555
Overall, a truly quantitative impact of the pH gradient on AOB activity is at this stage not 556 conclusive. It would require of three-dimensional biofilm modelling, including the description 557 of the cell clusters. The model might help to clarify if the pH gradient would explain the 558 higher measured oxygen consumption and the higher ammonium oxidizing rates when 559 residual ammonium concentrations are increased. 560
Ammonia gradient in the granule 561
The ammonia gradient in the granule is influenced by both diffusion and the pH gradient. 562
Through diffusion the ammonium concentration tends to decrease in the inner layers of the 563 granules (i.e. ammonia is consumed by AOB, and overall the total ammoniacal nitrogen is 564 therefore decreasing). However, the expected decrease would be rather low, because oxygen 565 is stoichiometrically limiting. Additionally, the pH decreases in the inner layers of the granule 566 due to the protons produced by AOB. Therefore at a lower pH the fraction of free ammonia is 567 even lower. The effect of the pH dominates the gradient of ammonia. To numerically clarify 568 the contributions, we used as example the following conditions: DO = 3.5 mg O 2 /L and 569 temperature 20ºC. Assuming a concentration of 20 mg N/L and pH 7.7 in bulk liquid, the free 570 ammonia concentration is 0.67 mg N/L (see Table S3 ). Since the oxygen is limiting and thestoichiometry of the nitritation makes that 3.43 g O 2 /g N-NH 4 + are required for the oxidation 572 of ammonium to nitrite. Using this factor, with the assumed DO (3.5 mg O2/L), the decrease 573 in ammonium would be ca. 1 mg N/L. Therefore the gradient of ammonia coming from the 574 decrease due to consumption by AOB (i.e. diffusion limitation) would be only 0.02 mg N-575 NH 3 /L. Assuming a decrease in the pH from 7.7 to 7.26, the decrease in ammonia would be of 576 0.3 mg N-NH 3 /L, being therefore 15 times larger than the gradient due to diffusion limitation. 577
Even considering oxygen saturation, the decrease in ammonium would be from 20 to 17.7, 578 which would mean a decrease in ammonia of 0.05, still three times lower than the effect of 579 pH. In conclusion, the gradient of ammonia is dominated by the pH gradient, rather than due 580 to diffusion limitation (due to ammonia consumption by AOB). However, both effects 581 contribute and decrease the ammonia towards the inner layers of the granule. 582
Implications of hydroxylamine release after a step-up increase in residual 583
ammonium concentration 584
Hydroxylamine has been reported to be able to increase the AOB growth rate, in case of the 585 The strong gradients of oxygen and pH that develop in the dense AOB cell clusters might 595 create different niches, in which hydroxylamine released by ammonia saturated cells might be 596 cometabolized by other AOB cells, that are more interior in the AOB layer, or in the cell 597
cluster. This cometabolization would require of cells that have oxygen availability, but still 598 are not suffering ammonium saturation. This is plausible given the pH gradient found, where 599 the ammonium saturation condition depends on the pH, as already discussed. In addition, 600 studies of the kinetics and pH-dependency of ammonia and hydroxylamine oxidation by 601
Nitrosomonas europaea revealed that hydroxylamine oxidation is moderately pH-sensitive, 602 whereas ammonia oxidation decreases strongly with decreasing pH (Frijlink et al., 1992) . 603
Which would support that, the steep pH gradients produce a pool of ammonia non-saturated 604 cells that use hydroxylamine in aerobic environments without being much affected by the low 605 pH values attained. This hypothesis would therefore provide a new mechanism for the 606 positive effects of applying high residual ammonium concentrations for NOB repression. This 607 could be linked with the transient effects of the increase in residual ammonium concentration 608 as highlighted in the short term effects (Fig. 3 and 4) . Particularly interesting is the large 609 increase in the specific ammonium oxidation rate (from 11 to 21mg N/(g VSS·h), Fig. 4 ) 610 during the first hours after the increase in ammonium (Fig. 4) . The specific ammonium 611 oxidation rate was calculated also based on the nitrite and nitrate production (summing up 612 both, Fig. 4A ), to rule out any potential absorption process in the granular sludge, since 613 ammonium absorption in granular sludge is known to happen (Bassin et al., 2011) . However, 614 further research is required to be able to obtain conclusive evidence about the effects of the 615 hydroxylamine release on the ammonium oxidation rate. 616
Hydroxylamine diffusing to deeper layers (either in the granule or in the AOB cell cluster) 617
where there is no oxygen availability triggers nitrifier denitrification, since nitrite is also 618 present, as suggested previously for biofilms in a theoretical model based study (Sabba et al., 619 2015) . Therefore the simultaneous detection of hydroxylamine and a significant increase in 620 N 2 O emissions, could be associated to the nitrifier denitrification pathway.NOB inhibited by hydroxylamine produced by AOB would not be a very plausible 622 explanation, because the levels detected in this study are very low as to be inhibitory 623 • Operating at higher residual ammonium concentration triggers higher ammonium 632 oxidation rates and higher oxygen consumption rates, both in the short and long term. 633
• Stratification of an outer AOB layer in the granule structure was found to be highly 634 important to maintain stable partial nitritation in the long term. The AOB layer is 635 important to achieve oxygen limitation for NOB due to the oxygen penetration depth 636 in combination with bulk ammonium concentrations which are high enough to prevent 637 rate-limiting conditions for AOB. 638
• The pH gradient found provides an explanation for the direct effect of residual 639 ammonium in the ammonium oxidation rate, because cells located further away from 640 the granule surface are less saturated in ammonia due to the decrease in pH. This 641 contributes to NOB repression. 642 Table 1 . Characterization of the pseudo-steady states attained during reactor operation: average concentrations of N-compounds and DO, specific ammonium oxidation rate (r AOB ) and specific nitrate production rate (r NOB ). Phase III did not achieve a pseudo-state state operation; therefore, no details are given in this table but the measurements for phase III are shown in Fig. 1 
TABLES
I 53-67 16 ± 0.9 24 ± 2 6.0 ± 1 51 ± 0.8 46 ± 0.9 0.7 ± 0.1 5.7 ± 0.6 1.0 ± 0.2 II 117-139 0.8 ± 0.3 24 ± 11 14 ± 11 43 ±4 40 ± 4 2 ± 1 5 ± 1 2 ± 2 IV 175-182 1.8 ± 0.1 27 ± 6 21 ± 7 50 ± 1 50 ± 0.7 3.6 ± 0.2 11.1 ± 0.2 5 ± 2 V 193-214 27 ± 0.8 17 ± 2 5 ± 1 51 ± 1 49.2 ± 0.4 2.7 ± 0.5 13 ± 0.9 2.7 ± 0.7 Table 2 . Ammonium half-saturation coefficients for AOB at the bulk liquid pH and at the pH measurements was less than 1 day, the corresponding data were highlighted using triangles, whereas the rest of data points (crosses) were obtained at a slower sampling frequency. 
